masses are nearly equal and the molecular interactions all follow the same distance law. For this case the numerical factors are probably correct within 10 or 15 %; hence the second approximation reduces the ordinary pressure diffusion by between ^ and \ its magnitude. When the two mole cular masses are very different, the value of the numerical ratio of the / (2) to the / (1) term may be very different from (and perhaps less than) th at for the case of nearly similar molecules, here considered. 
in the course of the reaction cycle m ethyl radicals o f sligh tly greater re activity.
A quantitative com parison o f the various reactions show s th a t on ascending the series o f alkyl radicals their rea ctiv ity towards both aldehydes and olefines diminishes only slow ly. On ascending the olefine series, h ow ever, the rate of polym erization rapidly decreases. This depends n ot upon a lowered efficiency o f reaction o f the prim ary radicals w ith the olefines, but rather upon a greater tendency o f the more com plex polym er radicals to be transformed into products which do n ot continue th e reaction cycle.
The polymerization of ethylene may be induced in a variety of ways: for example, by excited mercury (Olson and Meyers 1926) , or by free radicals from the thermal decomposition of metal alkyls (Taylor and Jones 1930) , or of azomethane (Rice and Sickmann 1935) . In the present work the polymerization of the lower olefines induced by free radicals produced photochemically from aldehydes and ketones has been studied. The aldehyde-olefine system is particularly suitable for an investigation of the polymerization mechanism, since not only is the rate of formation of the reaction-inducing radicals determinable, but also information about their subsequent fate can be obtained by measuring the effect of the olefine on the photolysis of the aldehyde.
C. J. Danby and C. N. Hinshelwood Experimental method
The method of investigation was in general to expose mixtures of aldehyde or ketone and olefine to ultra-violet light. In the absence of light, or of aldehyde or ketone, the olefine is unchanged, but when photolysis occurs the olefine is polymerized. The rates of photolysis and of polymerization were independently measured. In the presence of sufficient olefine the aldehyde photolysis takes place with a drop in pressure due to the induced polymerization. After a known time the pressure change in the reaction was measured and the partial pressure of unchanged aldehyde determined by chemical analysis. The amount decomposed gave the initial rate of photo lysis (p). The rate of olefine polymerization (o') was obtained by adding this value to the observed pressure change during the same time. The pressure increase at any early stage of the acetaldehyde photolysis corresponds exactly to the amount of aldehyde decomposed, as measured by analysis (Danby 1940) .
Reactions were carried out at 300° in a cylindrical silica vessel of about 150 c.c. capacity provided with plane parallel windows and supported in a horizontal electric furnace also with quartz windows. I t was connected to a capillary mercury manometer, to reservoirs containing the various reactants and was evacuated by the usual system of pumps. Provision was made for the collection and analysis of gas samples. Temperatures were measured by a mercury thermometer calibrated against a Pt/Pt-R h thermocouple and potentiometer. The light source was a Hanovia mercury lamp which was focused on the reaction vessel by a spherical silica flask of water. The intensity was frequently checked by measurement of the rate of photolysis of pure acetaldehyde and was found to be almost constant. The aldehydes and ketones were purified by fractionation, the olefines by distillation between traps cooled in liquid air, only the middle fractions being taken. To avoid possible obscuring of the windows of the reaction vessel by high molecular weight products only initial rates of reaction were measured.
The analysis for aldehyde, by which the reaction was to a great extent followed, was based on the method of Friedemann, Cotonio and Shaffer (1927) , which depends on the fact th at while the aldehyde-bisulphite compound is not attacked by iodine in neutral or acid solution, it is rapidly decomposed if the solution is alkaline. To estimate the partial pressure of aldehyde in the reaction vessel at any instant its contents were shared with a large evacuated gas pipette attached to the apparatus by a ground joint. The aldehyde in the pipette was absorbed in excess n/10 sodium bisulphite solution and the excess bisulphite removed by titration with iodine. The solution was then made alkaline by addition of about 1 g. of solid sodium bicarbonate and titrated with n/100 iodine. This estimates the bisulphite which was in combination with the aldehyde. With a knowledge of the volumes of pipette, reaction vessel and dead-space the partial pressure of aldehyde in the reaction vessel at the moment of taking the sample can be calculated. This method has been found to give excellent results with pro pionic and /i-butyric aldehydes as well as with acetaldehyde.
Analyses of the gaseous products were made with a Bone and Wheeler apparatus, the samples being passed through a coil cooled to -15° to remove any unchanged aldehyde or condensable hydrocarbons. Higher olefines were estimated by absorption in 85 % sulphuric acid, which will remove all except ethylene (Davis and Schuler 1930) . The latter was absorbed in saturated mercuric acetate solution, and carbon monoxide in ammoniacal cuprous chloride. The average carbon chain length of the saturated hydro carbon fraction was determined by combustion.
Reaction rates are expressed throughout in terms of millimetres of gas reacting in 7 min.
Characteristics of the induced polymerization
Experimental observations can be accounted for by assuming th at the photolysis of acetaldehyde at about 300° takes place essentially by reactions (1), (2) and (3) of the scheme below (p. 173) (Leermakers 1934; Mitchell and Hinshelwood 1937) . The chain length at 200 mm. is about 150 for a moderate light intensity. On prolonged photolysis there is a pressure increase of almost 100 %. Since the chains are long the amount of ethane is negligible, the product consisting almost entirely of methane and carbon monoxide.
In general the rate of photolysis of aldehyde is reduced by olefines. As the latter do not absorb light of the wave-length employed, this inhibition must be due to the removal-by reaction with olefine-of a chain-carrying radical of the aldehyde photolysis. Polymerization evidently then occurs by the successive addition of olefine molecules to the new radical thereby formed, as in reactions (4), (5), (5'), ..., (5*) below (p. 173). Since the rate of ethylene polymerization is comparable with th at of the acetaldehyde photolysis, which has a considerable chain length, it follows th at the induced polymerization must also have long chains. But the product is of low mole cular weight. All the ethylene molecules which polymerize in one reaction chain cannot therefore grow on to the initiating radical, and there must be a 'Chain Transfer' process such as reaction (6). Conclusive evidence th at such a step occurs in the ethylene polymerization induced by photolysis of acetone is given later.
If polymerization took place solely by means of reactions (4)-(6), then the rate of photolysis of aldehyde would not be reduced by olefines, because each methyl radical removed in reaction (4) is subsequently regenerated in reaction (6). The observed inhibition must be due to an additional chain ending process such as:
Rn + CH3 = chain ended. (6) Unimolecular and bimolecular chain-ending processes are most easily distinguished at high olefine pressures where the inhibition of the aldehyde photolysis is large. The polymerization rate, o', according to (6) can be shown to be proportional to the root of the olefine pressure, and according to (a) independent of it. With propylene and iso-butylene cr is found experimentally to be independent of olefine pressure-which suggests chain-ending by (a). With ethylene a falls off at higher pressures, but no experiments could be made at high enough pressures to find out whether or not it eventually becomes independent of pressure. However, since the unimolecular process is favoured with the higher olefines, and since in any case a bimolecular chain-ending step is already represented by reaction (3), reaction (a) will be assumed to be the additional chain-ending step (7). I t presumably involves the isomerization of the radical to a form which, for steric or other reasons, is relatively inactive to the olefine. Its ultimate fate will then have little effect on the kinetics of the main reaction. The assumed mechanism is therefore:
The polymerization of olefines induced by free radicals 173
c h 3 + c h 3 = c 2h 6^3 ?
c h 3
For a stationary state with respect to the concentration of radicals: 
and ethylene pressures, the value of p0 and the correspondin equation (IX). Eor an initial acetaldehyde pressure of 50 mm., corre sponding to p0 = 17*0, the mean value of C is 7*8 x 10~4. Calculated values of p are compared with those observed in table 2, and are plotted as a continuous line in figure 1 . The results of similar experiments with the ethylene pressure constant and the acetaldehyde pressure varied are given in table 3. The value of C obtained from these results is identical with th at found from those in table 1. From equation (X), with the value of C already determined, the results given in tables 4 and 5 are calculated. Similar experiments were made with propylene and iso-butylene (tables 6 and 7, figures 3 and 4). With iso-butylene the inhibition is greater than with either ethylene or propylene, and the polymerization less, becoming independent of the olefine above a comparatively small pressure. The values for were taken from the smoothed curves for the acetaldehyde photolysis rate and of the observed pressure change, the individual values being somewhat erratic.
C. J. Danby and C. N. Hinshelwood

Molecular w eight op the products
The factor n, which is the number of olefine molecules in the final polymer, appears in the equations for cr, and must now be eval of the vapour pressure-temperature relations of the condensed reaction product from acetaldehyde and ethylene showed that, while it was not homogeneous, yet the molecular weights were distributed over a com paratively small range. Hence no great error is introduced by assuming a singular value for n .On prolonged irradiation (30-40 hr.), th siderable unchanged ethylene is found by analysis, the observed pressure decrease of the ethylene is slightly greater than 50 %. The average mole cular weight of the polymer is therefore substantially higher than th at corresponding to butylene. This is confirmed by the fact th at at room temperature and pressure a fraction of the gaseous products condenses out. On account of this condensation the proportions found by gas analysis will not correspond to the partial pressures in the reaction vessel. They can, however, be brought into relation with them by using the carbon monoxide as a reference gas. 50 mm. acetaldehyde on complete photolysis will give 49-2 mm. of carbon monoxide. The percentage of carbon monoxide found by analysis must therefore correspond to this pressure. The partial pressures of the products of reaction calculated in this way are given in table 8. The fate of the initial 300 mm. of ethylene can now be determined. The mean carbon chain length of the saturated hydrocarbon fraction was found by combustion to be 1-98 units. This fraction should consist of methane from reaction (2), together with a small proportion of ethane from the chain ending reaction (3). However, higher paraffins could be produced by inter action of the larger radicals and aldehyde by reactions of the type: C3H 7 + CHgCHO = C3H 8 + CO + CH3, (2') and a relatively small proportion would raise the apparent molecular weight to the value observed. Ethylene must have entered into the composition of this fraction, the raising of the apparent molecular weight depending only on the amount of it which has reacted in this way, and not on the particular molecular species in which it appears. For the purposes of cal culation this paraffi n fraction can be taken to be a mixture of equal amounts of methane and propane. Then |(48*4) = 24*2 mm. of ethylene will have entered into its composition. This leaves 51*1 mm. for the higher products which condense out on cooling.
Coming from 159*8 mm. of ethylene, the average ethylene content per molecule of this fraction must hence be 3*12. In the polymerization of ethylene under the present conditions therefore, 3. With propylene and iso-butylene, where there is much less polymerization, n will be taken to be 2.
E ffect of oxygen on the reaction
Traces of oxygen are known to have a considerable effect on many poly merization processes. The effect of oxygen on the acetaldehyde photo sensitized polymerization of ethylene is shown in acetaldehyde might be oxidized a t once by air. 30 mm. of air contain about 6 mm. of oxygen and would be capable of oxidizing 12 mm. of aldehyde. This would be a reduction of 24 % in the aldehyde available to induce polymerization. The observed reduction in polymerization by this amount of air is 21 %. The effect of oxygen on the reaction is hence small, and can entirely be attributed to the oxidation of part of the acetaldehyde.
C. J. Danby and C. N. Hinshelwood P olymerization pho to sensitized b y propionic AND 71-BUTYRIC ALDEHYDES
Propionic aldehyde photolyses in ultra-violet light by a chain process similar to th at occurring with acetaldehyde, a t about one-third the rate (Mitchell and Hinshelwood 1937) . This photolysis is apparently uninhibited by ethylene, though the latter is polymerized. The rate of polymerization is proportional to the ethylene pressure up to a t least 600 mm. (table 10, figures 1 and 2). This contrast with acetaldehyde could be explained by the as observed. This assumption, however, demands th at the chain-ending process (7), shown to be im portant with acetaldehyde, should play no p art in the propionic aldehyde reaction, which is unlikely. A more probable explanation is th a t the large radicals Rn regenerate, not ethyl, but methyl radicals in reaction (6), and th at the latter are somewhat more reactive than the primary ethyl radicals. The inhibition due to reaction (7) might then be masked, and could even be converted into a slight acceleration, as indeed is observed with butyric aldehyde and ethylene (table 11) . Further evidence th at the lack of inhibition with propionic aldehyde and ethylene is due to the balancing of two effects is afforded by the fact th at propylene does cause slight inhibition (table 12). 
T able 11. P olym erization of e t h y l e n e ph o to
Agreem ent w ith these experim ental results is obtained w ith C = 1-29 x 10~4 and \n K -2-96 x 10-5 in equations (IX ) and (X).
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Taken together these various results suggest th a t absorption of ethyl radicals by the olefine is in fact being followed by the regeneration of slightly more reactive methyl radicals.
C. J. Danby and C. N. Hinshelwood Mechanism w ith ethyl radicals r eg en er atin g m ethyl radicals
The following typical mechanism may now be considered:
E t + EtCHO = E t + CO + C2H 6 K,
) CH3 + EtCHO = CH3 + CO + C2H 6 k%,
CH3 + E t = chain ended (3)
This mechanism leads to the following stationary state equations:
The problem can be simplified by considering only the condition th at with small additions of ethylene there shall be neither acceleration nor inhibition of the rate of the propionic aldehyde photolysis, and proceeding by succes sive approximation. 
From equation (IX), if the ethylene pressure is small, 1 dp
Expressing the slope of the aldehyde inhibition curve in terms of an ' apparent ' value of /?, we may write KKfiapparent 2k'
13-2
If these values are inserted in equation (XVI), and it is assumed th at the recombination rate of ethyl with methyl does not dilfer significantly from that of two ethyl radicals (i.e. th at k3 = then
For the aldehyde photolysis rate to be unchanged by increasing ethylene concentration (i.e. for there to be no inhibition by ethylene as found with propionic aldehyde), Apparent must be zero. This gives
If /? has a value similar to th at for the acetaldehyde-ethylene reaction, namely, 0*06, then k2/k2 = 0*97. Therefore if most of the et originally reacting with ethylene in reaction (4') are replaced in reaction (6') by methyl radicals which are about 3 % more active, then an inhibition of the same magnitude as that found with acetaldehyde and ethylene could be compensated.
The results with propionic aldehyde and propylene, assuming the true value of /? to be the same as th at found with acetaldehyde and propylene, give k2/k2 = 0-85. The agreement of the two values for the ratio is not very good but the assumption of equal /? values can only be roughly true. In any case the results show th at the reactivities of methyl and ethyl radicals are not very different. Alternatively, but less probably, it could be assumed th at k2 = k 2 ; f t would then have to be zero, i.e. k7 would be zero.
The results for acetaldehyde above are expressed in terms of the constants C and K, the ratio K/2C giving the ratio k j k 2. This latter ratio may be obtained directly for propionic aldehyde. From equations (VII) and (VIII)
giving k j k 2. Strictly p and cr are of the form given only at low ethylene pressures where replacement of ethyl by methyl is small. W ith propionic aldehyde the ratio is obviously constant even a t high ethylene pressures, since p is constant and cr varies linearly with ethylene pressure on account of the balancing of effects described above.
D iscu ssio n
The inhibition of the acetaldehyde photolysis by ethylene is relatively slight, that by the two higher olefines considerable. The polymerization rate of ethylene increases only a little less than linearly with pressure ; th a t of propylene and iso-butylene is almost independent of pressure except when this is low. With propionic aldehyde and ethylene there is no inhibition of the photolysis, and the polymerization rate is strictly linear with ethylene pressure. These facts are interconnected. When there is no inhibition of the photolysis the stationary concentration of radicals is unchanged by the olefine, which competes for them with the aldehyde to an extent propor tional to its own pressure. When, on the other hand, inhibition is large, nearly all the radicals are removed by the olefine. The aldehyde then becomes simply a primary source of radicals, the normal radical removal process being negligible in comparison with the new chain-ending step introduced by the olefine, which is now the controlling factor. If this step is of the first order, the rate of polymerization must become independent of olefine concentration.
In equations (IX) and (X),
The 'polymerization of olefines induced by free radicals 187 A) 4> * where p0 and 0O are respectively the rate and chain length for the photolysis of 50 mm. of pure acetaldehyde. The value of at 300° is 28 units by extra polation from the results of Mitchell and Hinshelwood (1937) , allowance being made for the difference in light intensity. Substitution in equation
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(XVIII) gives /?, from which the ratio &7/&6 is obtained. From the known values of C and of \n K , with n = 3 for ethylene an olefines, the values for the ratios given in table 13 are obtained. As shown above, effects due to the regeneration of methyl radicals from ethyl radicals can be formally expressed in terms of an apparent value of which, where applicable, is included in the Under the same conditions of incident light intensity, temperature and pressure, the ratio of the rates of photolysis of acetaldehyde and propionic aldehyde is 3-48, and the ratio of the amounts of light absorbed by equal pressures of the two aldehydes, determined by the use of a photoelectric photometer, is 1-26. The ratio of the quantum efficiencies of photolysis is therefore^( acetaldehyde) = 3.4g x j .26 = 4.38 0 (propionic aldehyde) Taking ^(acetaldehyde) = 28, gives ^(propionic aldehyde) = 6-4. This is the overall quantum efficiency. The results of Mitchell and Hinshelwood (1937) show th at in the primary process for each quantum absorbed by propionic aldehyde, 0-49 molecules react, of which only O'22 are able to react with nitric oxide, i.e. are free radicals, and 0-51 quanta are degraded as heat. If a is the number of reaction cycles arising from one initial radical, 0-22a + 0*27 = overall quantum yield = 6*4, or a. -real chain length = 28.
This value is the same as th at for the acetaldehyde photolysis. The experi mental conditions used by Mitchell and Hinshelwood differed, however, in several important respects from those in the present work, the light being monochromatic (3135 A), and of much lower intensity. The results therefore cannot be strictly applied, but they do show th at there is no very marked difference in the reactivity of methyl and ethyl radicals with aldehydes. If the number of initiating radicals with propionic aldehyde is taken, as with acetaldehyde, to be equal to the number of quanta absorbed, then from equation (XIX) < /> poiym. = 6-9 with 100 mm. ethylene. If, however, the value 0*22 for the number of radicals produced by propionic aldehyde per quantum is applicable under these conditions, then ^polym at 100 mm. is 31-4. The corresponding value for the acetaldehyde induced reaction is 22. Owing to the doubt about the applicability of the value 0-22, it can only be said that the polymerization chain length is several times the quantum efficiency and reaches a value comparable with that for the acetaldehyde induced polymerization.
Polymerization photosensitized by ketones
The polymerization of ethylene is also induced by the photolysis of dimethyl and diethyl ketones. These photolyses yield free radicals, though, in contrast with aldehydes, no reaction chains are propagated (Leermakers 1934)-and of acetaldehyde are compared in table 16. Comparison of the rates of polymerization of 300 mm. of ethylene photosensitized by 50 mm. of acetaldehyde and by 50 mm. of dimethyl ketone respectively, making allowance for the slightly different light absorptions in the two cases, gives a ratio of 24-1:15-8. Though the ketone photolysis takes place without chains, the polymerization induced by it occurs at almost three-quarters of the rate of the acetaldehyde induced reaction, which has a chain length of between 20 and 30 units. The polymerization process itself must therefore have a considerable chain length. This conclusively cor firms the existence of a 'chain transfer' step in the reaction mechanism. The rate of the ketone-induced polymerization is proportional to the ethylene pressure up to the highest pressures investigated. The mechanism must be similar to th at of the aldehyde-induced reactions, except for the different primary process and the absence of a chain reaction in the ketone itself. The kinetics of the induced polymerization should therefore be the same. The expression for the rate of the ketone-induced polymerization reduces to <r = » i 4[Ct H j y h 4 s > (XXI) when ft is zero or the olefine pressure small. According to this equation <r will be proportional to the olefine pressure, as observed. The rate of the aldehyde-induced polymerization falls below the linear value at higher olefine pressures, but over the same range of polymerization rates, up to the highest observed with dimethyl ketone, it also obeys equation (XXI).
Comparison of the rates of ethylene polymerization by acetaldehyde, dimethyl and diethyl ketones affords an opportunity of estimating their relative efficiency as sources of radicals. With 50 mm. of acetaldehyde and 400 mm. of ethylene the polymerization rate is 30-0 units with a light absorption of 9-9 units. The corresponding rate with dimethyl ketone is 19-1 with light absorption 8-4 units. Corrected to the same light absorption the ratio of the rates is 0-69. If the quantum efficiency of radical production for acetaldehyde is unity (Mitchell and Hinshelwood 1937) , the above result suggests that only 69 % of the dimethyl ketone gives rise to free radicals in the primary process.
Photolysis of diethyl ketone gives ethyl radicals. As with propionic aldehyde, the possibility arises of a mechanism in which the absorption of these ethyl radicals by olefine is being followed by the regeneration of methyl radicals at the end of the polymerization cycle. The complex expression for the polymerization rate derived from such a mechanism can be shown to approximate, at high olefine pressures (where the methyl radical concentra-* tion will greatly exceed that of ethyl), to th at obtained for dimethyl ketone (equation (XXI)). At low olefine pressures, where there is only little con version of ethyl to methyl radicals, cr is still given by equation (XXI), with the velocity constant for the reaction of ethyl with olefine, (£4), in place of &4. The slope of the curve of a against [C2H 4] for diethyl ketone does indeed seem to be smaller at the lowest olefine pressures, which is in agreement with the mechanism above, but the experimental results at such low ethylene pressures are unreliable.
At the higher ethylene pressures the rates of polymerization by the two ketones are almost equal. This would indicate equal reactivities of ethyl and methyl were it not for the possibility of an almost complete replacement of ethyl by methyl in the course of the reaction cycle.
General conclusions regarding reactivities
From the quantitative comparison of the various reactions the following conclusions may be drawn:
(1) There is no marked diminution in the reactivity of the alkyl radicals as the series is ascended. This is shown by the facts th a t (a) in the photolysis the true chain lengths for acetaldehyde and propionic aldehyde are com parable; (6) propionic aldehyde is attacked by methyl radicals regenerated in the ethylene polymerization only a little more readily than by ethyl radicals; and (c) there is only limited variation in the ratio kjk2 in the dif ferent reactions. Like the aldehydes therefore, the olefines must be attacked about equally easily by the different alkyl radicals. This conclusion is con sistent with the experiments on the polymerization of ethylene induced by ketone photolysis.
(2) The polymerization rate diminishes rapidly in the series ethylene, propylene, iso-butylene. This is not due to a decreasing ease of reaction between radical and olefine, for the higher olefines inhibit the aldehyde photolysis strongly, which shows th a t they absorb alkyl radicals very effectively. Their failure to give rapid polymerization must hence depend on high values of /?, which is a measure of the tendency of the growing polymer radical to be converted into products unable to propagate the chain process.
(3) The failure of the growing polymer to incorporate more than about three molecules of ethylene must be attributed more to the increasing ten dency of the larger radicals to decompose than to a decrease in their rate of reaction with ethylene. Thus the limiting factor, both with the rapid reaction of ethylene and with the slower reactions of the higher olefines, is the decomposition of the growing radical when it exceeds a critical size, either to give a methyl radical which continues the chain, or to give products which are inactive.
As both types of reaction are probably unimolecular, it is understandable th a t they should occur more readily as the number of degrees of freedom in the radical increases. 
